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This r e p o r t  i s  one of a s e r i e s  of t a s k  r epor t s  which p resen t  
8 t h e  r e s u l t s  of a program performed by B e l l  Aerospace Company dur in  t h e  period J u l y  1967 through September 1969 under Contract NAS9-71 2 
f o r  t he  Nat ional  Aeronautics and Space Administration, Manned Space- 
c r a f t  Center * 
program f o r  NASA. The B e l l  Aerospace Program Manager was M r .  R .  K. 
M r  @ DW=gE?=z&,Ck w a s  Technical Monitor of- t h e  
Q / 
And e r s  on e 
The purpose of t he  program was t o  improve and update t h e  Apollo 
RCS p o s i t i v e  expuls ion p rope l l an t  tank assemblies i n  t h e  a reas  of 
performance, r e l i a b i l i t y ,  and mission dura t ion .  The program e f f o r t  
was divided i n t o  t h e  fol lowing major t a sks ,  each of which i s  reported 
sepa ra t e ly .  
Task A - 
Task B - 
Task C - 
H i s t o r i c a l  Su.mmary Report - A chronological  summary of t h e  
evolu t ion  of t h e  Command. Serv ice .  Lunar Module. and o the r  
r e l a t e d  tankage was prepgred. 
on a l l  conf igura t ions  considered under t h e  app l i cab le  pro- 
grams and descr ibes  r e l a t e d  IR&D work a t  B e l l  Aerospace 
Company a 
This summary inciudes da ta  
Long-Term Compatibi l i ty  Tes t ing  - The purpose of t h i s  t a s k  
was t o  determine t h e  u s e f u l  opera t ing  l i f e t i m e  of t h e  Apollo 
conf igura t ion  RCS tanks as appl icable  t o  a mission of  ex- 
tended dura t ion  wi th  a s p e c i f i c  goa l  of 12 months. This 
t a s k  cons is ted  of t h e  fol lowing sub-tasks:  
B-1: Tank Assembly Storage:  Three tank  assemblies were 
s to red  wi th  p rope l l an t  (N20b9 M, 50/50 f u e l  blend)  
f o r  12  months a t  opera t ing  pressure ,  A t  t h e  end of 
t h i s  time, each tank  was subjected t o  a complete pro- 
p e l l a n t  expuls ion followed by disassembly and eva lua t ion .  
B-2: Bladder Mater ia l  Compatibil i ty Testing: Teflon bladder  
m a t e r i a l  specimens were subjected t o  r o l l i n g  of  buckled 
f o l d  t e s t s  a f t e r  24 hours, 6 months, and 12  months 
exposure t o  N2O4, MMH, and 50/50 f u e l ,  
B-3: Externa l  Flange S e a l  Evaluation: The e f f e c t  of i n i t i a l  
f lange  b o l t  t i g h t e n i n g  and r e t igh ten ing  techniques on 
t h e  r a t e  of torque decay was evaluated during a 1-year 
s h e l f  s to rage  per iod e 
Cor re l a t ion  of Referee Fluid and Propel lan t  i n  Vibra t ion  
Tes t ing  - The ob jec t ive  of t h i s  t a s k  was t o  v e r i f y  t h a t  
v i b r a t i o n  t e s t i n g  of t h e  Apollo-type bladder  wi th  r e f e r e e  
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Task D - 
Task E - 
f l u i d  i s  r ep resen ta t ive  of v ib ra t ion  t e s t i n g  w i t h  a c t u a l  
propel lan ts  e To develop a c o r r e l a t i o n  w i t h  s u f f i c i e n t  
accuracy, t he  fol lowing t h r e e  areas  of  t e s t i n g  were pursued: 
C-1: Vibra t ion  t e s t s  were conducted w i t h  r e f e ree  f l u i d  i n  a 
p l ex ig l a s s  tank t o  def ine  the  response c h a r a c t e r i s t i c s  
of t he  bladder  as a f fec ted  by u l l age  l e v e l ,  d i r e c t i o n  
o f  exc i t a t ion ,  and v i b r a t i o n  inpu t  l e v e l .  
C - 2 :  Rol l ing of buckled f o l d  t e s t s  were conducted on blad- 
der  ma te r i a l  specimens t o  compare endurance i n  r e f e r e e  
f l u i d s  w i t h  endurance i n  propel lan ts .  
C-3: Ful l - sca le  v ib ra t ion  t e s t i n g  was performed on a Lunar 
Module RCS oxid izer  tank w i t h  N 2 O 4 .  
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R C S  tanks t o  solve t h e  same problem, 
El iminat ion of Permeation and Bubble Formation - The objec- 
t i v e  of t h i s  t a s k  was t h e  el iminat ion,  o r  reduct ion,  o f  
b l a d d e r  permeation and t h e  associated problem of bubble f o r -  
mation wi th in  the bladder.  T h i s  t a s k  included t w o  p r i n c i p a l  
a reas  of e f f o r t :  
D - 1 :  Development of Permeation B a r r i e r :  This sub-task con- 
s i s t e d  of design and f a b r i c a t i o n  of a Teflon bladder  
w i t h  an aluminum f o i l  laminate as a permeation b a r r i e r .  
T h i s  bladder ,  which w a s  of the Service Module oxid izer  
configurat ion,  w a s  a l s o  designed t o  func t ion  i n  an 
undersized conf igura t ion  
D-2:  El iminat ion of Bubble Formation i n  Current Apol lo  
Bladder Configuration: Experiments were conducted 
on both  model and f u l l - s c a l e  tanks t o  examine bubble 
formation phenomena as a func t ion  of such var iab les  
as temperature,  pressure,  and u l l age  l e v e l .  Data 
from these t e s t s  were used t o  provide an emperical  
basis f o r  a b e t t e r  understanding of the  mechanisms 
involved and the  e f f e c t  of each on bubble formation, 
Solu t ion  of  Command Module and Service Module Bladder 
Reposi t ioning Problem - The objec t ive  of t h i s  t a s k  was t o  
increase  expuls ion cycle  l i f e  of t hese  bladders by elimin- 
a t i n g  damage due t o  post-expulsion repos i t ion ing .  
E-1:  Service Module Oxidizer B l a d d e r :  The approach used 
t o  solve this  problem was the  use of an undersized con- 
f i g u r a t i o n  s i m i l a r  t o  t h a t  u s e d  on the  Lunar Module 
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E-2: Command Module Bladder: T h i s  problem was associated 
w i t h  t he  t w i s t  mechanism involved i n  a ho r i zon ta l ly  
mounted tank during t h e  f i l l  cycle .  A s o l u t i o n  t o  
t h i s  problem could not  be found wi th in  t h e  cons t r a in t s  
of t he  program, 
Task F - In t eg ra t ion  and V e r i f i c a t i o n  of Solut ions - The objec t ive  of 
th i s  t a sk  was t o  devise  a s e r i e s  of formgl t e s t s  t o  demon- 
s t r a t e  compliance of design changes from Tasks D-1 and E 
w i t h  t h e  requirements of t h e  appl icable  Apollo cont rac tor  
procurement s p e c i f i c a t i o n .  
Service Module oxid izer  bladders of t h e  undersized config-  
u r a t i o n  w i t h  an aluminum f o i l  laminate were subjected t o  
q u a l i f i c a t i o n - l e v e l  v i b r a t i o n  t e s t i n g  and were t o  be sub- 
jec ted  t o  20 propel lan t -expuls ion  cycles .  However, problems 
occurred during v ibra t ion  t e s t i n g  which resu l ted  i n  bladder  
f a i l u r e  and t h i s  task could not  be completed wi th in  the  
l i m i t s  of t h i s  program. 
Since the Command Module bladder  t w i s t  problem was not solved 
(Task E - 2 ) ,  no Command Module tank t e s t i n g  w a s  performed i n  
Task F. 
This repor t  covers t h e  e f f o r t  performed under Task E .  The 
o the r  major tasks  a r e  reported ind iv idua l ly  as fol lows:  
Task Report Number T i t l e  
A 8514-927002 H i s t o r i c a l  Summary Report 
B 8514-928004 Long-Term Compatibi l i ty  Test ing 
C 8514-928005 Corre la t ion  of Referee Fluid and 
Propel lant  I n  Vibra t ion  Test ing 
D 8514-928003 Eliminat ion of Permeation and 
Bubble Formation 
F 8514-928007 In t eg ra t ion  and Ver i f i ca t ion  of  
Solut ions 
ell DIVISION O f  





INTRODUCTION . . . a e a e . e . e . 
I1 S U ~ R Y  . . . . . . . . o . . . D . . . . . . . . . .  
111. D I S C U S S I O N  e e e .) e . . a e e e . e 
A .  Task E-1:  Serv ice  Module O x i d i z e r  B l a d d e r  
R e p o s i t i o n i n g  Problem e . e . . . 
1. D e s i g n  and A n a l y s i s .  . e e . . e . . . e . 
2. T e s t  Program . . . e e e . . . . . . . e 
B. Task E-2: Command Module B l a d d e r  
R e p o s i t i o n i n g  Problem . . . e . e . 
1. D e s i g n  and A n a l y s i s .  . e . . . . e . e e (I 
2. Test  Program e . e e e . e . . e . I .  . 
I V  e CONCLUSIONS . e a . e . a . e . e 
V. RECOMMENDATIONS. . e e . ., e . e a e e . . 
SIGNATURES OF APPROVAL e e . . . a ., a e -. e . 
APPENDIX A 
















POST O F F I C E  BOX O N E .  B U F F A L O ,  N E W  Y O R K  14240 




















ILLUS "RAT1 ONS 
Sequence of Tension Development in Bladder , 
Expulsion Bladder. . D * . 
Expulsion Test Cell Schematic . . a e . e . . e 
Plexiglass Tank Assembly (SMO) e e e . e e . e e 
Bladder Assembly, Undersized With Foil 
Laminate (SMO) a . . e . . . e .'., . e e 
Bladder Folding Sequence for Installation (SMO). e 
Bladder Folding Sequence f o r  Installation (SMO) e . 
Teflon/Foil Laminate Bladder - Vertical 
expulsion - 50% Expelled e . . e e e e e . . e 
Teflon/Foil Laminate Bladder - Vertical 
Expulsion - 100% Expelled - Side View. . e . . e . 
Teflon/Foil Laminate Bladder - Vertical 
Expulsion - 100% Expelled - Bottom View. e e . a a 
Model 8514 Teflon/Foil Laminate Bladder - Expul- 
sion Efficiency Curves - Vertical. . . . a a e 
Model 8514 Teflon/Foil Laminate Bladder - Expul- 
sion Efficiency Curves - Horizontal. a . e . 
Teflon/Foil Laminate Bladder - After Horizontal 
Expulsion - Top View . . e e e e e e e . e . a 
Teflon/Foil Laminate Bladder - After Horizontal 
Expulsion - End View e e e e . e e . 
Post-Expulsion Bladder Condition In Horizontal 
CMOTank. e e e e e e * e e e e a e e 
Sketch Showing Typical Horizontal Folding Pattern 


















Examples of Twist Damage Accumulated During Repeti- 
tive Expulsion Cycling in Horizontal Attitude. ., 37 
Diffuser Tube Assembly - Shows Modified Cones. a e 38 
Diffuser Assembly: Flange End Cone - Shows Typical 
Sealing of Holes to Change Flow Pattern e e 39 
oivision or 






Expulsion Data Summary, Plexiglass Tank 
Tests - SMO Undersized Bladder With Aluminum 
Foil Laminate e e a e e e e . e . ,, e 40 
Command Module Oxidizer Plexiglass Tank 
Expulsions. e e e e e e . e . . e . . e 41 
Division or 
POST OFFICE aox ONE.  B U F F A L O ,  NEW YORK j4240 
Poge 1 
Report 8514-928006 
I .  INTRODUCTION 
The ob jec t ive  of t h i s  t a s k  was to increase  t h e  expuls ion 
cycle  l i f e  of Serv ice  Module Oxidizer and Command Module bladders  
by overcoming b ladder - to-she l l  f r i c t i o n  problems which occur dur -  
ing  post-expulsion re-expansion of t h e  b ladder .  
The Serv ice  Module b ladder  r epos i t i on ing  problem i s  l i m i t e d  
to t h e  ox id ize r  tank and i s  caused by a marginal L/D r a t i o .  This  
problem e x i s t s  only when r epos i t i on ing  t h e  bladder  a f t e r  a l i q u i d  
expuls ion i n  t h e  v e r t i c a l  a t t i t u d e .  Since t h i s  problem had been 
solved on t h e  Lunar Module RCS and Sa tu rn  I V  B APS tanks by 
incorpora t ion  of an undersized b ladder  design, i t  was planned t o  
employ the  same s o l u t i o n  to t h e  Serv ice  Module ox id ize r  tanks .  
Thus the a c t i v i t y  i n  t h i s  phase of t h i s  t a s k  was l i m i t e d  to adapta- 
t i o n  of  t he  undersized design to the  SMO bladder  t o  be f ab r i ca t ed  
conta in ing  t h e  aluminum f a i l  permeation b a r r i e r  developed i n  Task 
D o f  t h i s  program. 
The t w i s t  problem as soc ia t ed  w i t h  Command Module bladders  
i s  l i m i t e d  to c y l i n d r i c a l  tanks mounted i n  a ho r i zon ta l  a t t i t u d e .  
The bladder  f o l d s  tend  to t w i s t  toward t h e  b o t t o m  of  t h e  t ank  when 
t h e  b ladder  i s  co l lapsed  and during subsequent f i l l i n g  opera t ions  
t h e  weight o f  t h e  l i q u i d  may t r a p  t h e s e  f o l d s  i n  t h e  bottom o f  t h e  
tank, t h u s  reducing t h e  a v a i l a b l e  bladder  volume. I f  t h e  t w i s t  
angle  i s  l a r g e  enough, severe b i a x i a l  s t r a i n s  develop i n  t h e  b ladder  
ends upon complete f i l l i n g  of t he  tank .  
Since bladder  fo ld ing  behavior during an expuls ion has a 
marked inf luence  on t h e  amount of t w i s t  experienced during subse- 
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quent re-expansion, i t  was planned to s tudy  t h e  e f f e c t  of  each 
of t h e  following on bladder  behavior during expulsion and r e -  
expansion: 
1. Eliminat ion of holes  i n  the  d i f f u s e r  tube- flowing 
t h r o u g h  end cones only.  
2 .  Var ia t ion  of  d i f f u s e r  cone P by changing cone hole  
p a t t e r n s .  
3. Var ia t ion  o f  bladder s t i f f n e s s  p a r t i c u l a r l y  i n  the  
hemispherical  ends .. 
It was recognized t h a t  t h e  above va r i ab le s ,  i n  themselves, 
may not so lve  t h e  problem. However, i f  any should i n d i c a t e  
p o s i t i v e  b e n e f i c i a l  e f f e c t s  on t h e  t w i s t  mechanism i t  was planned 
to combine them w i t h  t e f l o n  coa t ing  of  t h e  s h e l l  to determine 
whether decreasing b ladder - to-she l l  f r i c t i o n  would  provide s u f f i -  
c i e n t  added b e n e f i t s  to so lve  t h e  problem. 
DIVISION O i  
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11. SUMMARY 
The approach used to so lve  t h e  Serv ice  Module ox id ize r  
bladder  r epos i t i on ing  problem was to e l imina te  b ladder - to-she l l  
f r i c t i o n  by use of an undersized bladder  conf igura t ion  s i m i l a r  
to t h a t  used i n  t h e  Lunar Module RCS tanks .  
t ion ,an  undersized bladder  of  Serv ice  Module oxid izer  s i z e  was 
subjec ted  to expuls ion t e s t i n g  i n  a p l e x i g l a s s  tank.  An aluminum 
f o i l  laminate  was added to t h i s  bladder  to determine whether s u c h  
a permeation b a r r i e r  would perform s a t i s f a c t o r i l y  i n  an  undersized 
bladder .  Eight expulsion t e s t s  were performed w i t h  t h e  bladder  
r epos i t i on ing  i t s e l f  completely i n  a l l  cases  and w i t h  no evidence 
o f  damage to t h e  aluminum f o i l  laminate .  
To v e r i f y  t h e  solu- 
The problem of  bladder  t w i s t  i n  t h e  h o r i z o n t a l l y  mounted 
Command Module tanks was inves t iga t ed  from two  s tandpoin ts :  
decreasing b ladder - to-she l l  f r i c t i o n  to a b e n e f i c i a l  degree by 
t e f l o n  coa t ing  t h e  s h e l l  and minimizing bladder  t w i s t  by d i f f u s e r  
redesign.  Nei ther  o f  t hese  approaches was e f f e c t i v e  and t h e  
t w i s t  problern a s soc ia t ed  wi th  ho r i zon ta l  tanks was not solved.  
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A .  Task E-1: Service  Module Oxidizer Bladder 
Reposit liming Problem 
1. Design and Analysis 
a .  Descr ip t ion  of Problem 
The Se rv ice  Module r epos i t i on ing  problem 
i s  confined to t h e  ox id ize r  t ank  and is  caused by a marginal L/D 
r a t i o  which r e s u l t s  i n  h igh  b ladder - to-she l l  f r i c t i o n  f o r c e s .  
The problem e x i s t s  only when re-expanding t h e  bladder  a f t e r  a 
l i q u i d  expuls ion i n  t h e  v e r t i c a l  a t t i t u d e .  During a l i q u i d  
expulsion, t h e  b ladder  i s  d isp laced  downward i n  t h e  t ank  due to 
g r a v i t y .  
i s  c o l l e c t e d  a t  t h e  bottom of t h e  tank  i n ' t h e  f o r m  o f  numerous 
t i g h t  f o l d s  and creases  a s  shown i n  Figure 1. D u r i n g  subsequent 
re-expansion o f  t h e  bladder ,  t he  c y l i n d r i c a l  po r t ion  expands 
r a d i a l l y  and con tac t s  t h e  tank she l l  before  e i t h e r  of t h e  hemis- 
p h e r i c a l  ends expands to any apprec iab le  degree.  Thus, due to 
t h e  marginal L/D r a t i o ,  f r i c t i o n  fo rces  between t h e  bladder  and 
s h e l l  may exceed t h e  a v a i l a b l e  l i f t i n g  f o r c e  suppl ied  by t h e  
pressure  wi th in  t h e  b ladder  and t h e  bladder  cannot r e p o s i t i o n  
i t s e l f  f u l l y .  A s  a r e s u l t ,  t h e  top  hemisphere of t h e  b ladder  
i s  n o t  supported by t h e  s h e l l  and y i e l d s  due to b i a x i a l  s t r e s s  
during subsequent s e r v i c i n g  and loading opera t ions .  
At t h e  end o f  t h e  expulsion, t h e  excess b ladder  ma te r i a l  
b .  So lu t ion  of Problem 
The r epos i t i on ing  problem was solved on 
t h e  Lunar Module RCS and Sa turn  I V  B APS tanks by incorpora t ion  
of  a n  undersized b ladder  which prevents  b ladder - to-she l l  contac t  
i n  t h e  c y l i n d r i c a l  s e c t i o n  u n t f l  a f t e r  f u l l  re-expansion of t h e  
bladder .  Another poss ib l e  s o l u t i o n  t o  t h e  Serv ice  Module 
r epos i t i on ing  problem would be to coat  t he  s h e l l  i n t e r n a l l y  wi th  
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Teflon to reduce f r i c t i o n .  Since t h e  undersized bladder  con- 
cept i s  s impler ,  more economical, and has been success fu l ly  q u a l i -  
f i e d  on both  t h e  Lunar Module and Sa tu rn  IV B tank  programs, t h e  
Teflon coa t ing  concept was not  pursued. 
Accordingly, a bladder  of t h e  Serv ice  
Module ox id ize r  ( S M O )  s i z e  was designed wi th  t h e  c y l i n d r i c a l  
s e c t i o n  undersized 2% d iame t r i ca l ly ,  s i m i l a r  to t h e  Lunar Module 
and Sa turn  I V  B bladder  design. I n  add i t ion ,  an aluminum f o i l  
laminate was added a s  a permeation b a r r i e r ,  based on t h e  r e s u l t s  
of Task D of t h i s  program during which it was demonstrated t h a t  
a f i l m  cons t ruc t ion  o f  t h i s  kind could be used i n  an undersized 
bladder .  The r e s u l t s  o f  Task D a r e  repor ted  i n  Be l l  Report 
8514-928003. The bladder  design i s  shown i n  Figure 2; t h e  
nominal design f i l m  th ickness  was 1 2 . 5  m i l ,  cons i s t ing  of 8 m i l  
20% TFE/FE codispers ion,  1/2 m i l  aluminum f o i l ,  4 m i l  FEP. The 
combining of  t hese  two innovations allowed a s tudy  to be made of  
t h e  e f f ec t iveness  o f  t h e  f o i l  permeation b a r r i e r  a s  wel l  a s  a 
demonstration of t h e  e f f ec t iveness  of t h e  undersized bladder  a s  
a s o l u t i o n  to t h e  r epos i t i on ing  problem on t h e  SMO tank .  
2 .  Test  Program 
a .  Test  Procedure 
One undersized SMO bladder  containing an  
aluminum f o i l  laminate was i n s t a l l e d  i n t o  a p l ex ig l a s s  tank and 
e igh t  expulsions were performed i n  accordance w i t h  t he  expulsion 
t e s t  po r t ion  of Be l l  Procedure 8514-928002. S l i g h t  modif icat ions 
i n  t h e  procedure were requi red  to adapt to t h e  pressure  and f l u i d  
l i m i t a t i o n s  of t h e  p l ex ig l a s s  tank .  These modif icat ions were 
p r i n c i p a l l y  a s  fol lows:  
1. Freon TF was used i n  l i e u  of p r o p e l l a n t .  
2. Tank opera t ing  pressure  was 20 p s i g  
during expuls ions.  
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b .  Test  Apparatus 
The t e s t  i n s t a l l a t i o n  f o r  expulsion t e s t -  
ing i s  shown schematical ly  i n  Figure 3. 
e .  Test  Hardware 
The t e s t  hardware cons is ted  of one (1) 
8514-471008-1 bladder  S/N 70-1, one (1) 8271-471233 d i f f u s e r  
assembly S/N 29,and a s soc ia t ed  hardware to make a p l ex ig l a s s  
tank assembly a s  shown i n  Figure 4 .  
d. Assembly 
The bladder  was assembled on t h e  d i f f u s e r  
tube a s  shown i n  Figure 5. Eight l ong i tud ina l  o r i e n t a t i o n  l i n e s  
were made on t h e  bladder  t o  f a c i l i t a t e  eva lua t ion  of bladder  r e -  
pos i t i on ing  c h a r a c t e r i s t i c s ,  The bladder  assembly was then 
evacuated and folded as shown i n  Figures 6 and 7 and i n s t a l l e d  
i n t o  t h e  p l e x i g l a s s  s h e l l .  Following t h e  assembly i n t o  t h e  
p l ex ig l a s s  s h e l l  a 10 p s i  helium leakage t e s t  was performed on 
t h e  bladder .  Af te r  1 hour, zero leakage was noted. 
e .  Test  Descr ip t ion  
Eight expulsions were performed using Freon 
TF a s  t h e  expulsion medium. The f i r s t  four  expulsions were made 
with t h e  tank  i n  t h e  v e r t i c a l ,  flange-down p o s i t i o n  and the  l a s t  
four  i n  t h e  ho r i zon ta l  p o s i t i o n .  Volumetric flow r a t e  was approxi- 
mately equivalent  to t h e  s p e c i f i c a t i o n  requirement and a l l  expul- 
s ions  were terminated by command shutdown a t  an ind ica t ed  tank 
a s s  embly P o f  3 to 7 p s i .  The tank was loaded and 5% u l l age  
was drained i n  t h e  v e r t i c a l  flange-down p o s i t i o n  f o r  a l l  t e s t s .  
Post-expulsion bladder  re-expansion was performed i n  t h e  p o s i t i o n  
o f  expuls ion.  A 10-psi  helium leakage t e s t  was performed on t h e  
bladder  p r i o r  to t h e  f i r s t  and f i f t h  and a f t e r  t h e  e igh th  expul- 
s i o n s .  
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f. Test Resul t s  
1. Ver t i ca l  Exgulsions 
A s  expected, t h e  bladder  repos i t ioned  
i t s e l f  completely wi th in  t h e  tank when re-expanded a f t e r  each 
v e r t i c a l  expuls ion w i t h  no v i s i b l e  evidence o f  s t r a i n .  The 
c y l i n d r i c a l  s e c t i o n  of  t h e  bladder  d i d  not touch t h e  tank wall  
u n t i l  complete v e r t i c a l  pos i t i on ing  had occurred. Figure 8 shows 
t h e  bladder  half-way through t h e  f i rs t  expulsion and Figures  9 
and 10  show t h e  bladder  appearance a f t e r  completion o f  expuls ion.  
A s  shown i n  Table 1 and Figure 11, expulsion e f f i c i e n c i e s  exceeded 
99% a t  a tank  assebmly P of  6 p s i .  
2 .  Horizontal  Expulsions 
A s  i n  t h e  case o f  t h e  v e r t i c a l  t e s t s ,  
expulsion e f f i c i e n c i e s  i n  t h e  ho r i zon ta l  a t t i t u d e  exceeded 99% 
a t  a tank assembly P of  6 p s i  a s  shown i n  Table 1 and Figure 
12. The f i rs t  ho r i zon ta l  expulsion (No .  5) was not instrumented 
s u f f i c i e n t l y  to o b t a i n  an e f f i c i e n c y  curve. Figures 13 and 14 
a r e  t o p  and end views o f  t h e  p l e x i g l a s s  tank a f t e r  completion of 
t h e  f i rs t  ho r i zon ta l  expulsion. 
ho r i zon ta l  p o s i t i o n  a f t e r  t h e  f i r s t  expulsion r e s u l t e d  i n  a 15" 
Re-expansion of t h e  bladder i n  t h e  
t w i s t  o f  t he  bladder .  The same t w i s t  was experienced a f t e r  each 
of t h e  remaining t h r e e  ho r i zon ta l  expuls ions.  I n  each case,the 
t w i s t  was removed by tu rn ing  t h e  tank to t h e  v e r t i c a l  pos i t i on ,  
p a r t i a l l y  co l laps ing  t h e  bladder  and re-expanding i n  t h e  v e r t i c a l  
p o s i t  ion.  
3. Bladder Condition 
Af te r  each re-expansion,the bladder  
was v i s u a l l y  checked through t h e  p l ex ig l a s s  s h e l l  and no v i s i b l e  
damage o r  r e s i d u a l  hard c reases  were noted.  Helium leakage t e s t s  
of  t he  bladder  were performed p r i o r  to t h e  f i r s t  and f i f t h  expul- 
s i o n  and following t h e  e igh th  expulsion. With a A P  of  10 p s i  
across  t h e  bladder  f o r  a per iod of  1 hour, zero leakage was 
recorded i n  each case .  
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B. Task E-2: Command Module Bladder Reposit ioning 
Problem 
1. Design and Analysis 
Since t h e  Command Module RCS tanks a r e  mounted 
ho r i zon ta l ly ,  t h e  bladders  a r e  suscep t ib l e  to tw i s t ing  during 
fill opera t ions .  Bladder t w i s t  i s  a random occurrence which 
depends upon fo ld ing  p a t t e r n s  developed i n  t h e  bladder during 
expulsion and/or subsequent evacuations a s  shown i n  Figure 15e 
Figure 16 i s  a ske tch  showing bladder  fo ld ing  p a t t e r n s  a f t e r  
expulsion and evacuation and i n d i c a t e s  t h e  downward r o t a t i o n  of 
a point  on a f o l d  due to prope l l an t  weight during f i l l i n g .  A s  
f o l d  A r o t a t e s  and expands, it reaches the  tank  wall  and a t w i s t  
angle  8 i s  e s t ab l i shed .  A t  complete f i l l  p ressur iza t ion , the  
bladder membrane develops t o r s i o n a l  r e s t o r i n g  moments which a r e  
opposed by the  f r i c t i o n  between t h e  bladder  and t h e  tank  wa l l .  
I n  Apollo-type tanks,the f r i c t i o n  fo rces  a r e  gene ra l ly  l a r g e  
enough to prevent reduct ion  of t h e  angle  o f  r o t a t i o n  by bladder  
s l ippage and t h e  r e s u l t  i s  incomplete r epos i t i on ing  of t h e  bladder  
wi th in  t h e  s h e l l .  The Apo l lo  Command Module s h e l l  and bladder 
geometries a r e  such t h a t  a bladder  t w i s t  angle  of 20" can be 
experienced w i t h o u t  b ladder  damage; however i n  some cases bladder  
t w i s t  angles  a s  g r e a t  a s  80" have been observed a f t e r  a few expul- 
s i o n  cyc les  i n  Command Module ox id ize r  tanks .  Figure 17 shows 
examples o f  t w i s t  damage on a Command Module oxid izer  tank  a f t e r  
r e p e t i t i v e  expulsion cycle  t e s t i n g  wi th  p r o p e l l a n t ,  
It has been determined by observat ion of previous 
t w i s t  t e s t s  i n  p l ex ig l a s s  tanks t h a t  t w i s t  f o rces  buckle the  hemi- 
spheres of t h e  bladder  and produce a p a t t e r n  of f o l d s  which become 
t i g h t e r  a s  t h e  bladder  i s  pressur ized .  Since t h e  f o l d s  take  up 
bladder  ma te r i a l ,  t h e  hemispherical  bladder  s ec t ions  a r e  i n i t i a l l y  
reduced i n  volume. This c rea t e s  a gap between t h e  bladder  and 
tank wal l  which i s  bridged by deformation of t h e  bladder  ma te r i a l  
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when i n t e r n a l  pressure  i s  app l i ed .  The f o l d s  a r e  i n  diagonal 
tens ion  and t h e  bladder  ma te r i a l  between t h e  f o l d s  i s  subjec ted  
to b i a x i a l  t ens ion  s t r e s s e s  and i s  thereby s t r a i n e d  to i nc rease  
t h e  b ladder  volume to comply wi th  t h e  i n t e r n a l  volume o f  t h e  
s h e l l .  Af t e r  subsequent expulsion and fill operat ions,  new f o l d s  
develop, depending upon t w i s t  angle,and sequences of  t i g h t  creas-  
ing  and b i a x i a l  t ens ion  tend to occur i n  many p a r t s  o f  t h e  bladder  
hemispherical  s u r f a c e s .  T h i s  sequence o f  loads is  damaging. 
Two approaches to t h e  s o l u t i o n  of t h e  t w i s t  
problem were considered a s  pa r t  of t h i s  t a sk :  reduct ion  o f  
b ladder - to-she l l  f r i c t i o n  and reduct ion  or e l imina t ion  of  bladder  
t w i s t  during expulsion and evacuation. 
Reduction of F r i c t i o n :  The problem of bladder- 
t o - s h e l l  f r i c t i o n  was el iminated i n  v e r t i c a l l y  mounted tanks by 
use of an undersized b ladder .  T h i s  bladder  design, however, does 
not so lve  t h e  f r i c t i o n  problem i n  ho r i zon ta l  t anks .  Reduction 
of f r i c t i o n  without poss ib l e  contamination of t h e  p r e s s u r i z a t i o n  
system would involve coa t ing  of t h e  i n t e r n a l  sur face  o f  t h e  tank 
s h e l l  wi th  Teflon.  Previous analyses  conducted during t h e  per- 
formance of Contract NASw-1317  by Be l l  Aerospace f o r  t h e  George 
C .  Marshall Space F l i g h t  Center showed t h a t  t h e  maximum c o e f f i c i e n t  
of f r i c t i o n  i n  a Command Module ox id ize r  tank  which would l i m i t  
bladder t w i s t  to 20" i s  0.045. Resul ts  of  l abo ra to ry  t e s t s  a t  
B e l l  have shown t h a t  t h e  c o e f f i c i e n t  of f r i c t i o n  between Teflon 
FEP ( t h e  outer  laminate o f  the  Apollo b ladder )  and Teflon TFE 
i s  0.15 and between FEP and FEP t h e  c o e f f i c i e n t  i s  0 .21 .  For 
t h i s  reason, coat ing of t h e  s h e l l  was not considered to be a 
s a t i s f a c t o r y  s o l u t i o n  to t h e  t w i s t  problem. 
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Reduction o f  T w i s t :  During the  l a t t e r  po r t ion  
of propel lan t  expulsion i n  a ho r i zon ta l ly  mounted tank, t h e  
bladder i s  compressed t i g h t l y  around and below t h e  d i f f u s e r  tube,  
s e a l i n g  of f  t h e  holes  i n  the  t u b e  and l i m i t i n g  propel lan t  flow to 
t h e  cones a t  each end of t h e  b ladder ,  Thus,the f i n a l  fo ld ing  
p a t t e r n  of t h e  bladder  a t  t h e  end of an  expulsion i s  dependent 
upon t h e  flow p a t h  o f  t h e  p rope l l an t .  For t h i s  reason , i t  was 
f e l t  t h a t  modif icat ions i n  t h e  number and p a t t e r n  of t h e  d i f f u s e r  
holes  might r e s u l t  i n  a b e n e f i c i a l  decrease i n  bladder t w i s t  angle .  
Severa l  design approaches were s tud ied  and evalu- 
a t e d .  These included v a r i a t i o n  of t he  d i f f u s e r  cone f l o w  p a t t e r n  
and A P  by varying t h e  number, size,and p a t t e r n  of t h e  holes  i n  
order  to con t ro l  t he  o r i e n t a t i o n  of t h e  bladder  ex t r emi t i e s .  The 
objec t ive  of t hese  modif icat ions ( a s  l i s t e d  i n  Table 2 \1 wa-s to 
minimize bladder  t w i s t  a t  t h e  end of an expulsion and, i f  poss ib le ,  
prevent t h e  bottom o f  the  bladder  from l i f t i n g  a t  t h e  end o f  an  
expulsion. I f  t h i s  could be accomplished, p o s i t i o n  A on t h e  
bladder  a s  shown i n  Figure 16 would not change and t h e  t w i s t  angle  
would remain zero.  
2 .  Test  Program 
a .  Test  Procedure 
The bladders  and d i f f u s e r  were assembled, 
i n s t a l l e d  i n t o  t h e  Command Module oxid izer  s i z e  p l ex ig l a s s  tank, 
and t e s t e d  i n  accordance w i t h  t he  procedure contained i n  Appendix A .  
b .  Test  Apparatus 
The t e s t  i n s t a l l a t i o n  f o r  expulsion t e s t i n g  
i s  shown schematical ly  i n  Figure 3. 
c .  Test  Hardware 
The t e s t  hardware cons is ted  o f  one CMO 
d i f f u s e r ,  P/N 8271-471200-7; two CMO SIZE BLADDERS P/N 8271- 
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471160-1 and 8271-471148-3; and a s soc ia t ed  hardware t o  make a 
p l e x i g l a s s  tank  assembly of CMO s i z e  a s  shown i n  Figure 15@ 
d .  Test  Descr ipt ion 
A s e r i e s  of 10 tes ts  was conducted c o n s i s t -  
ing of a t o t a l  of 90 l i q u i d  expuls ions.  The f i r s t  s i x  t e s t s  were 
conducted w i t h  a 8271-471160-1 CMO bladder  of q u a l i f i e d  f l i g h t  
conf igura t ion  and using water a s  t h e  expulsion medium. T h i s  
b ladder  has a nominal 0.006 inch f i l m  th ickness  i n  the  c y l i n d r i -  
c a l  por t ion ,  t ape r ing  gradual ly  to a f i l m  th ickness  o f  0.009 inch 
i n  t h e  hemispherical  ends. The l a s t  f o u r  tests were conducted 
w i t h  a 8271-471148-3 CMO bladder  which has a nominal f i l m  t h i c k -  
ness of 0.006 inch  throughout. Freon TF was used a s  t h e  expuls ion 
medium for t h e  l a s t  f o u r  t e s t s .  
A l l  loading, expel l ing,and se rv ic ing  were 
performed w i t h  t h e  tank  mounted i n  t h e  ho r i zon ta l  a t t i t u d e .  Volu- 
metric  f l o w  r a t e s  during a l l  expulsions were approximately equiv- 
a l e n t  to t h e  s p e c i f i c a t i o n  requirement for CMO tanks .  
The bladder  and p l ex ig l a s s  s h e l l  were marked 
w i t h  l ong i tud ina l  o r i e n t a t i o n  l i n e s  f o r  use i n  measuring bladder  
t w i s t .  Bladder leakage t e s t s  were performed p e r i o d i c a l l y  during 
the  t e s t  program to v e r i f y  bladder i n t e g r i t y .  
Since bladder  t w i s t  i s  normally a random 
occurrence, i t  was f e l t  d e s i r a b l e  to e s t a b l i s h  a t w i s t  p a t t e r n  
i n  t h e  bladder  p r i o r  to t e s t i n g .  Thus ,  a f t e r  assembly i n t o  the. 
p l ex ig l a s s  tank,  t h e  bladder  was expanded to t h e  s h e l l  wal l  w i t h  
2 ps ig  n i t rogen  pressure  and the  d i f f u s e r  f lange  was then r o t a t e d  
one bolt hole  counter-clockwise,  T h i s  r e s u l t e d  i n  t h e  bladder  
being twis ted  clockwise 4.5 inches or 36' on i t s  c y l i n d r i c a l  
s e c t i o n .  The assembly was held i n  t h i s  fash ion  f o r  2 hours 
to allow a permanent set. The bladder i n t e r n a l  pressure  was then 
vented and t h e  bladder  r o t a t e d  1 . 5  inches counter-clockwise, 
r e s u l t i n g  i n  a r e s i d u a l  t w i s t  of 3 inches clockwise ( 2 4 " )  f rom 
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t h e  new reference  zero of  t h e  f l ange .  T h i s  was used a s  t h e  
r e s idua l  ( p r e - t e s t )  t w i s t  f o r  t h e  f irst  s e r i e s  of t e s t s .  
P r i o r  to each s e r i e s  o f  t e s t s ,  t h e  bladder 
was expanded to t h e  wal l  of t h e  t ank  and r e s idua l  t w i s t  was 
recorded. T w i s t  measurements f o r  each expulsion t e s t  were made 
a f t e r  bladder  evacuat ion and l i q u i d  loading.  Since t w i s t  measure- 
ments a r e  s t a t e d  he re in  i n  inches,  it s h o u l d  be noted t h a t  1 inch  
of' t w i s t  i s  equivalent  to 8 degrees of r o t a t i o n .  
e .  Test  Resul t s  
Test  S e r i e s  No. 1 through 3 
These t e s t s  were performed to determine 
whether d e l e t i o n  of  t h e  holes  i n  t h e  tubular  po r t ion  of t h e  
d i f f u s e r  assembly would a f f e c t  bladder  t w i s t .  
Test  S e r i e s  No. 1 cons is ted  o f  10  expulsions 
w i t h  t h e  normal dliffuser conf igura t ion  t o  e s t a b l i s h  a base l ine  of  
bladder  t w i s t  behavior .  Bladder t w i s t  a f t e r  l i q u i d  loading var ied  
from 3.0 to 6 . 0  inches clockwise, wi th  ind iv idua l  measurements of 
4.0 ,  5 . 2 ,  6 .0 ,  4.5, 3.0,  5.5, 4 .2 ,  5.0, 4.6, 5.0. 
Test S e r i e s  No. 2 cons is ted  of 10 expulsions 
wi th  t h e  holes  i n  t h e  tubu la r  po r t ion  of  the d i f f u s e r  taped s h u t  
and flowing through t h e  end cones only.  
loading var ied  from 0 .5  inch counter-clockwise to 1.5 inches 
clockwise, w i t h  i nd iv idua l  measurements o f  l , 5  cw, 0 .7  cw, O . ~ C C W ,  
O . ~ C C W ,  0.7 cw, 0.9 cw, 0 .8  cw, 0.7 cw, 0.5 cw, 0 . 4  cw. 
B ladde r ' tw i s t  a f t e r  l i q u i d  
T h i s  t e s t  s e r i e s  ind ica ted  a d i s t i n c t  
improvement i n  bladder  t w i s t  o v e r  Test  S e r i e s  No. 1, w i t h  t h e  
degree and range of t w i s t  approximately ha l f  t he  values i n  S e r i e s  
No. 1. 
Test S e r i e s  No. 3, cons i s t ing  of 8 expulsions,  
was conducted i n  same manner a s  Test  S e r i e s  No. 1 to r e -a f f i rm t h e  
base l ine  data and determine the  v a l i d i t y  of  t h e  improvement shown 
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i n  Test  S e r i e s  No. 2 .  A r e s i d u a l  ( p r e - t e s t )  t w i s t  o f  1.0 inch 
cw was e s t ab l i shed ,  wi th  bladder  t w i s t  a f t e r  l i q u i d  loading vary- 
ing from 0.6  inch  clockwise t o  0.8 inch  counter-clockwise, 
Ind iv idua l  measurements were 0 .6  cw, 0 .5  cw, 0.4ccw, 0.8ccw, 
O . ~ C C W ,  O.6ccw, O . ~ C C W ,  0.7ccw. 
Obviously,Test S e r i e s  No. 3 not only d i d  not 
v e r i f y  t h e  base l ine  data  of  Test  S e r i e s  No. 1, b u t  a l s o  sh.owed 
l e s s  bladder  t w i s t  than  S e r i e s  N o .  2 .  Since t h e  only d i f f e rence  
between t e s t s  was t h e  pre-programmed t w i s t  p r i o r  to Test  S e r i e s  
No.1, it was f e l t  t h a t  t hese  t e s t s  s h o u l d  be repeated w i t h  t h e  
same p r e - t e s t  t w i s t  imposed on a l l  t h r e e  t e s t s .  
Test  S e r i e s  No. 4 through 6 
These t e s t s  were a r e p e t i t i o n '  of  t e s t  s e r i e s  
No. 1 through 3, except t h a t  t h e  pre-programmed bladder  t w i s t  o f  
4 . 5  inches (36') clockwise was used on each s e r i e s .  
Test  S e r i e s  No. 4, cons i s t ing  o f  8 expul- 
s ions ,  was a repea t  o f  Test  S e r i e s  No. 1, w i t h  t h e  normal d i f f u s e r  
conf igura t ion .  A p r e - t e s t  r e s i d u a l  t w i s t  o f  4 inches clockwise 
was experienced on t h i s  s e r i e s ,  compared to a r e s i d u a l  t w i s t  o f  
3 inches clockwise on S e r i e s  No. 1. The bladder  t w i s t  a f t e r  
l i q u i d  loading var ied  f r o m  1 .5  inches to 3.5 inches counter- 
clockwise, compared to 3.0 to 6.0  inches clockwise f o r  Test  S e r i e s  
N o .  1. Indiv idua l  t w i s t  measurements f o r  t h i s  s e r i e s  were 1.5 , 
2.59 3.1,  2.9, 3-03 3.59 3.29 3 .2 .  
Test  S e r i e s  No. 5, cons i s t ing  o f  7 expul- 
s ions ,  was made w i t h  t h e  holes  i n  t h e  t u b u l a r  po r t ion  o f  t h e  
d i f f u s e r  taped s h u t  and flowing through t h e  end cones only.  
Residual p r e - t e s t  t w i s t  f o r  t h i s  s e r i e s  was 3.8 inches clockwise, 
compared w i t h  1,4 inches clockwise f o r  S e r i e s  N o .  2. The bladder 
t w i s t  a f t e r  l i q u i d  loading var ied  f r o m  4 . 0  to 5.5 inches clock- 
wise, compared to 0 .5  to 1 . 5  inches clockwise for S e r i e s  No. 2 .  
Ind iv idua l  t w i s t  measurements f o r  t h i s  s e r i e s  were 4,5, 5.3,  5.5, 
4.1, 4.0, 4-1, 4.8. 
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Test S e r i e s  No, 6 , cons i s t ing  o f  7 expul- 
s ions ,  was made, a s  was S e r i e s  No. 4, w i t h  t h e  normal d i f f u s e r  
conf igura t ion  w i t h  a l l  holes  flowing. The r e s i d u a l  ( p r e - t e s t )  
t w i s t  was 3.7 inches compared w i t h  4 .0  inches f o r  S e r i e s  No. 4 .  
The bladder  t w i s t  a f t e r  l i q u i d  loading var ied  from 3.8 to 5.4 
inches clockwise, w i t h  i nd iv idua l  t w i s t  measurements of 3.8, 3.9,  
4 .5 ,  5.3, 5.3, 5.4,  5 .4 .  
The r e s u l t s  of  Test  S e r i e s  4 through 6 
were much t h e  s'ame a s  S e r i e s  1 through 3, i n  t h a t  t h e  absence 
o f  holes  i n  t h e  t u b u l a r  po r t ion  o f  t h e  d i f f u s e r  showed no def in-  
a b l e  e f f e c t  on bladder  t w i s t .  
Summation o f  Test  S e r i e s  No. 1 t h r o u g h  6 
A s tudy of t h e  t e s t  da ta ,  a s  shown i n  Table 
2 ,  i n d i c a t e s  t h a t  e l imina t ion  o f  t h e  d i f f u s e r  tube holes  has no 
d i s t i n c t  advantage over t he  cu r ren t  conf igura t ion .  However, 
observat ion o f  bladder  behavior during t h e  t e s t s  d i d  i n d i c a t e  a 
more favorable  fo ld ing  p a t t e r n  during t h e  t e s t s  w i t h  t h e  d i f f u s e r  
tube holes  e l iminated i n  t h a t  during these  t e s t s  t h e  bladder  
exhib i ted  l e s s  o f  a tendency to l i f t  f rom t h e  b o t t o m  o f  t h e  tank .  
T h u s ,  s i n c e  t h e  l i f t i n g  o f  t h e  bladder  should  allow more r o t a t i o n  
i n  t h e  c y l i n d r i c a l  s e c t i o n  of t h e  tank,  it would appear t h a t  t h e  
e l imina t ion  o f  d i f f u s e r  tube holes  may con t r ibu te  to decreasing 
t h e  angle  of  t w i s t .  
Test  S e r i e s  No. 7 through 10 
These t e s t s  were performed to determine 
whether changing t h e  hole p a t t e r n  i n  t h e  d i f f u s e r  end cones would  
a f f e c t  t h e  o r i e n t a t i o n  of  t h e  bladder  ex t r emi t i e s  during the  f i n a l  
phase of an expulsion and thereby have a b e n e f i c i a l  e f f e c t  on 
bladder  t w i s t .  Although t h e  s i z e  and number of holes  were var ied 
( a s  shown i n  Table 2 ) during these  t e s t s ,  t h e  holes  were s i z e d  
s o  t h a t  t h e  pressure d r o p  through t h e  cones would be cons i s t en t  
w i th  t h e  o r i g i n a l  design.  
Bell Aeros 
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After  experience gained during t h e  previous 
s i x  t e s t  s e r i e s , , i t  was f e l t  t h a t  i f  t e s t  condi t ions c o u l d  be 
chosen which would increase  t h e  tendency of  t h e  bladder  to t w i s t ,  
then any s o l u t i o n  o r  improvement would be much e a s i e r  to note .  
Therefore, f o r  t h i s  t e s t  s e r i e s ,  it was decided t h a t  a l e s s - s t i f f  
bladder  should be used, as t h e  8271-471148-3 (0.006 inch  t h i c k  
throughout) i n s t ead  of t h e  c u r r e n t  8271-471160-1 (0.006 inch  t h i c k  
w i t h  0.009 inch  hemispherical  ends) ,  I n  addition, Freon TF was 
s u b s t i t u t e d  f o r  water  because of i t s  g r e a t e r  dens i ty  and i t s  
sof ten ing  e f f e c t  on t e f l o n .  
Since t h e  pre-programmed t w i s t  d i d  not 
appear to be he lp fu l  i n  t h e  previous s e r i e s  o f . t e s t s ,  i t  was not 
used f o r  t h i s  s e r i e s .  Therefore,  s i n c e  t h e  tank was disassembled 
p r i o r  t o  each t e s t  s e r i e s ,  t h e  r e s i d u a l  ( p r e - t e s t )  t w i s t  was zero 
f o r  each s e r i e s .  - 
Test S e r i e s  No. 7: These t e s t s ,  cons i s t ing  
of 9 expulsions,  were performed to determine t h e  e f f e c t ,  i f  any, 
of lowering t h e  c e n t e r l i n e  o f  t h e  l i q u i d  f l o w  pa th  a t  t h e  cones, 
t h u s  decreasing t h e  d i s t ance  t h e  bladder  would have to l i f t  t h e  
l i q u i d .  T h i s  was accomplished by modifying t h e  d i f f u s e r  cones 
s o  t h a t  t h e  holes were i n  t h e  bo t tom 90" quadrant of  each cone 
a s  shown i n  Figures 18 and 19. 
Bladder t w i s t  a f t e r  l i q u i d  loading var ied 
f r o m  1.7 to 3 .O inches counter-clockwise, w i t h  i nd iv idua l  measure- 
ments of 3.0,  2.8, 2 . 1 ,  1.7, 2.0, 2.1, 2.2, 1.8, l.%. 
Test S e r i e s  No. 8: These tes 'cs,  cons i s t -  
ing of  8 expulsions,  were performed to determine t h e  e f f e c t  of 
lowering t h e  c e n t e r l i n e  o f  t h e  l i q u i d  f l o w  path,as  def ined i n  
Test S e r i e s  No. ," ,plus e l imina t ion  of f l o w  through t h e  tubu la r  
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Bladder t w i s t  a f t e r  l i q u i d  loading var ied 
from 1 . 0  to 3.0 inches counter-clockwise, w i th  ind iv idua l  
mkasurements o f  3.0, 1 .7 ,  1 . 2 ,  1.0, 1.7 ,  1.4, 1 . 2 ,  1.7. 
Comparison of data  from Test  S e r i e s  No. 
7 and 8 aga in  i n d i c a t e s  t h a t  t he  presence or absence o f  holes  
i n  t h e  tubu la r  po r t ion  of  t h e  d i f f u s e r  has no measureable e f f e c t  
on t h e  t w i s t  mechanism of t h e  b l a d d e r .  
Test  S e r i e s  No. 9: These t e s t s ,  cons i s t ing  
of  15 expulsions,  were performed t o  f u r t h e r  e s t a b l i s h  whether 
lowering t h e  c e n t e r l i n e  of t h e  f l o w  p a t h  was advantageous by add- 
ing holes  to t h e  t o p  90" quadrant i n  a d d i t i o n  t o  t h e  bo t tom 
quadrant of t h e  cones. It was f e l t  t h a t  a d d i t i o n  of  t h e  holes  
on t o p  w o u l d  help to prevent t he  bladder  f rom twi s t ing  because o f  
t h e  p o s i t i v e  gas - to - l iqu id  rcSP ac ross  t h e  bladder  during t h e  
l a t t e r  s t a g e s  o f  t h e  expulsion. For t h i s  s e r i e s , t h e  d i f f u s e r  
tube holes  remained taped, a l lowing f l o w  only through t h e  upper 
and lower quadrants o f  t h e  cones. 
Bladder t w i s t  a f t e r  l i q u i d  loading var ied 
f rom 1 . 9  inches clockwise to 2 .8  inches counter-clockwise, w i t h  
measured values o f  1 .3  cw, 1 . 9  cw, 0.4 cw, O . ~ C C W ,  1.5ccw, l . 5 c c w Y  
2.8ccwY Z . ~ C C W ,  ~ . ~ c c w ,  ~ . g c c w ,  0.6ccw, 1.7ccw, O.gccw, O.7ccw. 
Although the  range of t w i s t  during Test 
S e r i e s  No. 9 is  g r e a t e r  than t h a t  of  7 o r  8, it progresses  from 
clockwise to counter-clockwise, t h u s  imposing no g r e a t e r  s t r a i n  
on t h e  bladder .  However, t h e  maximum v a r i a t i o n  of  2 . 8  inches 
shows no improvement over e i t h e r  N o .  7 o r  N o .  8, each o f  which 
had a maximum v a r i a t i o n  of 3.0 inches.  
Test  S e r i e s  No. 10:  This s e r i e s ,  cons i s t -  
ing of' 8. expulsions,  was performed using a s tandard conf igura t ion  
d i f f u s e r  to e s t a b l i s h  a base l i n e  f o r  eva lua t ing  Test S e r i e s  7, 
8,and 9. 
,Bell Aerospace Company or 
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. Bladder t w i s t  a f t e r  l i q u i d  loading  var ied 
f rom 0.5 to 1 8 5  inches counter-clockwise, w i t h  i nd iv idua l  
measurements of 1.5,  0.8, 0.7, 0.5, 0.9 ,  0 9, 0.8,  0 .8 .  
Summation of Test  S e r i e s  No. 7 through 10 
A s  shown i n  Table 2,  Test  S e r i e s  No. 7 
and 8 were s i m i l a r  i n  bo th  degree and d i r e c t i o n  of t w i s t .  A l -  
though Test  S e r i e s  N o .  9 had a g r e a t e r  range of t w i s t ,  t h e  degree 
of  t w i s t  f rom t h e  p r e - t e s t  r e f e rence  poin t  was no g r e a t e r  than  
t h a t  of No. 7 and 8 .  The f i n a l  base l ine  t e s t  ( S e r i e s  N o .  10) 
showed a much smal le r  range and degree of  t w i s t  w i t h  t h e  cur ren t  
conf igura t ion  d i f f u s e r  tube.  The f a c t  t h a t  Test  S e r i e s  No. 10 ,  
using a t h i n  bladder  w i t h  Freon TF,also showed l e s s  t w i s t  than  
s i m i l a r  base l ine  t e s t s  No. 1, 3, 4,and 6 using a s t i f f e r  bladder  
w i t h  water i n d i c a t e s  t h a t  t h e  random t w i s t  p a t t e r n  f rom one bladder  
to another  i s  too g r e a t  to e s t a b l i s h  a v a l i d  comparison wi th in  t h e  
def ined l i m i t s  o f  this program. 
Bell Aerospace Company DIvlslonor 
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The r epos i t i on ing  problem as soc ia t ed  with Serv ice  Module 
ox id ize r  tanks can be el iminated by use of  an undersized bladder  
conf igura t ion  s i m i l a r  to t h a t  used i n  t h e  LM RCS and SIVB APS 
p o s i t i v e  expulsion p rope l l an t  tanks .  
An expulsion cyc le  c a p a b i l i t y  exceeding 20 expulsions was 
demonstrated on t h e  undersized bladder  design during t h e  LM and 
SIVB tank programs. Additional confidence i n  t h i s  conf igura t ion  
was gained during t h e  performance of t h e  work described here in ,  
i n  which an  undersized bladder  of' SMO s i z e ,  containing an aluminum 
f o i l  laminate  was i n s t a l l e d  i n t o  a tank  and subjected to e igh t  
expulsions and re-expansions w i t h  no d i s c e r n i b l e  damage, even t o  
t h e  f o i l  laminate .  
CM Reposit ioning Problem 
Eliminat ion of t h e  bladder  r epos i t i on ing  problem i n  t h e  
Command Module tanks due to t w i s t  cannot be accomplished by Teflon 
coat ing t h e  s h e l l  to reduce f r i c t i o n  or by a l t e r i n g  t h e  f l o w  con- 
f i g u r a t i o n  through t h e  d i f f u s e r  assembly. It is  a l s o  apparent 
t h a t  combining t h e  coa t ing  w i t h  d i f f u s e r  redesign would  not 
e l imina te  t h e  bladder  t w i s t  problem. 
Study of t h e  mechanisms involved i n  bladder  t w i s t  has l e d  
to t h e  conclusion t h a t  any tank o f  s i m i l a r  design, when mounted 
i n  t h e  ho r i zon ta l  a t t i t u d e ,  w i l l  not be s t a t i s t i c a l l y  capable of 
t he  number of expulsion cycles  normally des i r ed  for a high con- 
f idence l e v e l  i n  r e l i a b i l i t y  assessment due to poss ib l e  t w i s t  
damage incur red  during se rv ic ing  and loading.  
It s h o u l d '  be noted t h a t  t e s t i n g  experience on Command 
Module tanks has shown t h a t  t w i s t  s e v e r i t y  i s  progressive and 
subsequent bladder  damage i s  cumulative w i t h  successive expulsion 
cyc les .  Thus ,  while t w i s t  can be severe enough t o  r e s u l t  i n  
Bell Aerospace Company D I v I s I o w o i ~  
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bladder  f a i l u r e  during r e p e t i t i v e  cycl ing,  r e l i a b i l i t y  a s ses s -  
ment o f  a c t u a l  t e s t  r e s u l t s  has r e s u l t e d  i n  a mission r e l i a b i l i t y  
of  0.9841 f o r  the CMF tank and 0.9890 for the CMO tank at a 90% 
LCL. 
Bell Aerospac 
POST O F F I C E  BOX O N E .  B U F F A L O ,  N E W  Y O R K  14240 
V. RECOMMENDATIONS 
SMO ReDositioning Problem 
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If it s h o u l d  be d e s i r a b l e  t o  increase  t h e  present  spec i -  
f i c a t i o n  requirement of  s i x  expulsion cyc les  t o  20 expulsion cycles  
f o r  t h e  Serv ice  Module ox id ize r  tank, it i s  recommended t h a t  t h e  
undersized bladder  design be incorporated.  
It i s  a l s o  recommended t h a t  f u t u r e  t ank  designs cons i s t ing  
of s i m i l a r  ma te r i a l s  and s i m i l a r  or g r e a t e r  length/diameter r a t i o s  
s h o u l d  a l s o  u t i l i z e  an undersized b ladder .  
CMO Reposit ioning Problem 
It i s  recommended t h a t ,  i n  designing vehicu lar  or system 
i n s t a l l a t i o n s ,  p rovis ion  should be made for mounting tanks s o  t h a t  
loading and se rv ic ing  may be accomplished w i t h  t he  tank assembly 
i n  t h e  v e r t i c a l  a t t i t u d e .  Tank assemblies,  such a s  t h e  Command 
Module tanks ,  once loaded, w i l l  perform s a t i s f a c t o r i l y  i n  the  
presence of r a d i a l  a c c e l e r a t i o n  fo rces ;  however r e p e t i t i v e  expul- 
s ion  and evacuation for loading under these  condi t ions can r e s u l t  
i n  bladder  damage and p o t e n t i a l  f a i l u r e .  
Dimensional a n a l y s i s  has shown t h a t  t h e  cur ren t  Command 
Module tanks would not  experience bladder damage due to t w i s t  i f  
t h e  tanks were loaded to not more than 90% of  t o t a l  volume. Since 
these  tanks a r e  vacuum-loaded, i t  s h o u l d  be f e a s i b l e  t o  rep lace  
t h e  e x i s t i n g  p r a c t i c e  of loading f u l l  and then  dra in ing  u l l age  
w i t h  a p r a c t i c e  of  loading to u l l age  l e v e l  only.  I f  present  
Apo l lo  experience s h o u l d  i n d i c a t e  t h a t  10% ul lage  i s  acceptab le  
i n  these  tanks,  then an  expuls ion c a p a b i l i t y  o f  20 cyc les  could 
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AP vs Expulsion Efficiency 
Vertical, Flange Down 
94 
NOTE: AP 2 PSID 
96 97 
Expulsion Efficiency - 
98 
Percent  of Propellant Load Expelled 
99 
FIGURE 11. MODEL 8514 TEFLON/FOIL LAMINATE BLADDER 
P N  8514-471008-1 SN 70-1 EXPULSION TEST DATA 
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Expulsion Efficiency - 
Percent  of Propellant Load Expelled 
FIGURE 12, MODEL 8514 TEFLON/FOIL LAMINATE BLADDER 
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SHELL 
BLADDER 
POSITION O F  POINT A 
PRIOR TO EXPULSION 
POSITION O F  POINT A 
AFTER EXPULSION AND EVACUATION 
POSITION O F  POINT A 
AFTER FILL 
FIGURE 16 SKETCH SHOWING TYPICAL HORIZONTAL 
FOLDING PATTERN AND TWIST 
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EXPULSION DATA SUMMARY 
PLEXIGLASS TANK TESTS 






















































EXPULSIONS NO. 1 THRU 4 - VERTICAL,FLANGE DOWN 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ASSEMBLY AND LOAD PROCEDURE - CM PLl3XIGLASS TANK 
1 .0  ASSEMBLY 
(1) Assemble bladder  assembly p e r  s tandard acceptance t e s t  
procedure. 
( 2 )  Mark bladder  wi th  l o n g i t u d i n a l  l i n e s  a t  10 quadrants,  us ing  
f l ange  b o l t  l o c a t i o n  as  re ference .  
(3)  I n s t a l l  bladder  assembly i n t o  p l ex ig l a s s  s h e l l .  Do no t  
(4) 
(5 )  Complete tank assembly. 
bolt, bu.t  a l i g n  properly.  
Expand bladder  w i t h  n i t rogen  gas to wal l  us ing  27 i n .  H20 
pressure .  
2.0 LOAD PROCEDURE 
(1) 
(2) 
( 3 )  
Collapse bladder  us ing  5 5 1 p s i g  n i t rogen  pressure .  
(Note co l l apse  sequence. ) 
Evacuate bladder  to a minimum of 28 i n .  H g  vacuum. 
Using 20 p s i g  n i t rogen  load pressure  on source tank, 
open load valve and r e l e a s e  vacuum, f i l l i n g  d i f f u s e r  
tube e 
( 4 )  Maintain 5 
u . n t i l . t h e  bladder  assembly i s  90% full, or 58 l b  H20. 
(5)  Close f i l l  valve.  Note f i l l  sequence bladder motion and 
record bladder  t w i s t  i n  inches e 
1 p s i g  back pressure  and continue to load 
3.0 EXPULSION 
p s i g  helium. -5 (1) Increase  gas s i d e  -pressu.re to 15 
( 2 )  Expel H20 at a f lowra te  of 0.46 lb / sec .  (Equivalent 
volume of 0.66 lb/sec N204.) 
( 3 )  Note bladder  co l l apse  during expulsion. 
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